The conventional interpretation of the one-loop effective potentials of the Higgs field in the Standard Model and the gravitino condensate in dynamically broken supergravity is that these theories are unstable at large field values. A PT -symmetric reinterpretation of these models at a quantummechanical level eliminates these instabilities and suggests that these instabilities may also be tamed at the quantum-field-theory level.
The conventional interpretation of the one-loop effective potentials of the Higgs field in the Standard Model and the gravitino condensate in dynamically broken supergravity is that these theories are unstable at large field values. A PT -symmetric reinterpretation of these models at a quantummechanical level eliminates these instabilities and suggests that these instabilities may also be tamed at the quantum-field-theory level. The use of effective potentials to study symmetry breaking [1, 2] in field theory has a long history and much is known about the structure of such effective theories. In the case of a four-dimensional conformally invariant theory of a scalar field ϕ interacting with fermions and gauge fields, the renormalized effective potential has the form Γ[ϕ] = ϕ 4 f log ϕ 2 /µ 2 , g , where µ is a mass scale and g denotes the coupling constants in the theory [3, 4] . Different theories are distinguished by the function f . The large-ϕ behavior of the effective action determines the stability of the vacuum state.
Here, we consider two theories of current interest. The first is a theory of dynamical breaking of gravity via a gravitino condensate field ϕ [5, 6] . For this case
for large ϕ. The second is the Standard Model of particle physics for which ϕ is the Higgs field and for this case [7] Γ
for large ϕ. Evidently, radiative corrections and renormalization can lead to effective potentials that suggest that the theory is unstable (and that it has complex energy levels). An early observation that renormalization can cause instability was made by Källén and Pauli [8] , who showed that upon renormalizing the Lee model [9] the Hamiltonian becomes complex, ghost states arise, and the S-matrix becomes nonunitary. However, a PTsymmetric analysis tames the apparent instabilities of the Lee model: energies are real, ghost states disappear, and the S-matrix becomes unitary [10] . PT -symmetric quantum theory also repairs the ghost problem in the Pais-Uhlenbeck model [11] , the illusory instability of the double-scaling limit of O(N )-symmetric ϕ 4 theory [12, 13] , and difficulties associated with the complex Hamiltonian for timelike Liouville field theory [14] .
This Letter examines three PT -symmetric quantummechanical Hamiltonians associated with the two problematic quantum field theories above. (P denotes parity reflection x → −x, p → −p; T denotes time reversal x → x, p → −p, i → −i [15] .) The first Hamiltonian,
is a toy model to study logarithmic PT -symmetric theories. We show that the spectrum of this complex PTsymmetric Hamiltonian is discrete, real, and positive. The second Hamiltonian,
is the quantum-mechanical analog of (1) . We show that the spectrum of this complex and apparently unstable Hamiltonian is also discrete, real, and positive, and this suggests that there is no instability in the supergravity theory of inflation in Ref. [6] . The third Hamiltonian,
is motivated by the renormalized effective potential for Higgs model (2) . We show that the ground-state energy of this Hamiltonian is real and positive, and this suggests the intriguing possibility that, contrary to earlier work [16] , the Higgs vacuum may be stable. These three models all have a new PT -symmetric structure that has not previously been examined, namely, the logarithm term in the Hamiltonian. We show that the PT symmetry of the Hamiltonians (3) and (4) is unbroken; that is, their spectra are entirely real. However, the PT symmetry of H in (5) and that the universe may be described by a Hamiltonian having a broken PT -symmetry. Analysis of the toy model Hamiltonian (3): To analyze H in (3) we first locate the complex turning points. Next, we examine the complex classical trajectories on an infinite-sheeted Riemann surface and find that all these trajectories are closed. This shows that the energy levels are all real [17] . Last, we perform a WKB calculation of the eigenvalues and note that the results agree with a precise numerical determination of the eigenvalues.
The turning points for H in (3) satisfy the equation
where E is the energy. We take E = 1.24909 because this is the numerical value of the ground-state energy obtained by solving the Schrödinger equation for the potential x 4 log(ix) (see Table I ). One turning point lies on the negative imaginary-x axis. To find this point we set x = −ir (r > 0) and obtain the algebraic equation E = r 4 log r. Solving this equation by using Newton's method, we find that the turning point lies at x = −1.39316i. To find the other turning points we seek solutions to (6) in polar form x = re iθ (r > 0, θ real). Substituting for x in (6) and taking the imaginary part, we obtain
where k is the sheet number in the Riemann surface of the logarithm. (We choose the branch cut to lie on the positive-imaginary axis.) Using (7), we simplify the real part of (6) to
We then use (7) to eliminate r from (8) and use Newton's method to determine θ. For k = 0 and E = 1.24909, two PT -symmetric (left-right symmetric) pairs of turning points lie at ±0.93803 − 0.38530i and at ±0.32807 + 0.75353i. For k = 1 and E = 1.24909 there is a turning point at −0.53838 + 0.23100i; the PT -symmetric image of this turning point lies on sheet k = −1 at 0.53838 + 0.23100i. The turning points determine the shape of the classical trajectories. Two topologically different kinds of classical paths are shown in Figs. 1 and 2 . All classical trajectories are closed and left-right symmetric, and this implies that the quantum energies are all real [17] .
The WKB quantization condition is a complex path integral on the principal sheet of the logarithm (k = 0). On this sheet a branch cut runs from the origin to +i∞ on the imaginary axis; this choice of branch cut respects the PT symmetry of the configuration. The integration path goes from the left turning point x L to the right turning point x R [18] : If the energy is large (E n 1), then from (7) with k = 0 we find that the turning points lie slightly below the real axis at x R = re iθ and at x L = re −πi−iθ with θ ∼ −π/(8 log r) and r 4 log r ∼ E.
We choose the path of integration in (9) to have a constant imaginary part so that the path is a horizontal line from x L to x R . Since E is large, r is large and thus θ is small. We obtain the simplified approximate quantization condition
which leads to the WKB approximation for n 1:
To test the accuracy of (12) we have computed numerically the first 14 eigenvalues by solving the Schrödinger equation for (3). These eigenvalues are listed in Table  I . Note that the accuracy of this WKB approximation increases smoothly with increasing n.
Analysis of the supergravity model Hamiltonian (4): The classical trajectories for the Hamiltonian (4) are plotted in Figs. 3 and 4 . Like the classical trajectories for the Hamiltonian (3), these trajectories are closed, which implies that all the eigenvalues for H in (4) are real. To find the eigenvalues of the complex Hamiltonian (4) we follow the procedure described in Ref. [15] ; to wit, we obtain (4) as the parametric limit : 0 → 2 of the Hamiltonian H = p 2 + x 2 (ix) log(ix), which has real positive eigenvalues when = 0. As → 2, the Stokes wedges for the time-independent Schrödinger eigenvalue problem rotate into the complex-x plane [15] . Thus, this procedure defines the eigenvalue problem for H in (4) and specifies the energy levels. In Fig. 5 we plot the eigenvalues as functions of . Note that this figure is topologically identical to Fig. 1 in Ref. [15] except that the ground-state energy diverges at = −2 rather than at = −1 (see Ref. [19] ). This plot indicates that when < 0 the PT symmetry is broken, but that when ≥ 0 the PT symmetry is unbroken (all real eigenvalues).
WKB theory gives a good approximation to the eigenvalues of H in (4). We seek turning points for H in polar form x = re iθ and find that on the principal sheet of the Riemann surface a PT -symmetric pair of turning points lie at θ = −π/4 − δ and θ = −3π/4 + δ. When E 1, δ is small, δ ∼ π/(16 log r), and r is large, r 4 log r ∼ E. The WKB calculation yields a formula for the eigenvalues that is identical to (12) except that there is no factor of √ 2 in the denominator. Thus, for large n the nth eigenvalue of H in (4) tinctly different from that for H in (4). As is illustrated in Fig. 6 , the PT symmetry is broken for all = 0. Indeed, when = 2, there are only four real eigenvalues: E 0 = 1.1054311, E 1 = 4.577736, E 2 = 10.318036, and E 3 = 16.06707. To confirm this result we plot the classical trajectories for the case = 2 in Fig. 7 . In contrast with Fig. 4 these trajectories are not closed and are not left-right symmetric.
This result suggests that the Higgs vacuum is stable and that perhaps the real world is in a broken PTsymmetric regime. This possibility has interesting implications for the C operator in PT -symmetric quantum theory. In an unbroken regime the C operator, which is used to construct the Hilbert-space metric with respect to which the Hamiltonian is selfadjoint, commutes with the Hamiltonian and thus it cannot serve as the chargeconjugation operator in particle physics. However, in a broken PT regime, the states of H are not states of C, and thus C may play the role of charge conjugation in particle physics [20] .
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